**Core tip:** There has been considerable research in recent years dedicated to the development of noninvasive methods of chronic liver diseases (CLDs). These include novel elastography methods. In this review, we outline the current state and future perspectives of the commonly used two-dimensional shear wave elastography (2D-SWE) in CLDs. In particular, we discuss the applications and problems in chronic viral hepatitis, nonalcoholic fatty liver disease, alcoholic liver disease, liver transplantation, focal liver lesions, and autoimmune liver disease to synthesize existing evidence for the reader. This is the first full and complete review to assess various CLDs using 2D-SWE.

INTRODUCTION
============

Liver fibrosis results from repetitive or sustained liver inflammation caused by chronic liver diseases (CLDs) and has serious long-term consequences in terms of patient morbidity and mortality due to the progression to cirrhosis. Patients with cirrhosis are at a higher risk of developing complications, including esophageal varices, ascites, liver failure and hepatocellular carcinoma (HCC), than healthy individuals\[[@B1],[@B2]\]. Liver fibrosis is an important factor in the development of various CLDs and is mainly mediated by chronic liver injury, which leads to liver fibrosis characterized by increased extracellular matrix production by fibroblast-like cells and increased liver stiffness (LS)\[[@B3]\]. The precise assessment of the severity of liver fibrosis and reliable diagnosis of cirrhosis are vital steps in the management of CLDs, as they provide information that impacts therapeutic decisions\[[@B4],[@B5]\].

Liver biopsy remains the reference standard for the staging of liver fibrosis, despite its limitations, including its invasivity and the pain experienced by patients, high cost, risk of bleeding and poor reproducibility, and contraindications, such as cases of massive ascites\[[@B6],[@B7]\]. Furthermore, the accuracy of liver biopsy is influenced by several factors, including intra- and interobserver variability and sampling error\[[@B8],[@B9]\]. Given these limitations, liver biopsy is not an ideal method for repeated assessments of disease progression as well.

The noninvasive assessment of liver fibrosis has recently become a research focus, leading to the introduction of new technologies. In particular, shear wave elastography (SWE), which is based on ultrasound (US) technology, has been widely applied and has gained acceptance. The latest guidelines on the clinical use of liver US elastography of the European Federation of Societies for Ultrasound in Medicine and Biology (EFSUMB)\[[@B10]\] and the guidelines on the evaluation of liver disease severity and prognosis of the European Association for the Study of the Liver- Asociación Latinoamericana para el Estudio del Hígado state that two-dimension (2D)-SWE is a valid and promising technique for noninvasive staging of liver fibrosis in viral hepatitis and seems to be at least equivalent to transient elastography (TE) and point SWE (pSWE)/acoustic radiation force impulse (ARFI)\[[@B11]\].

BASICS OF 2D-SWE
================

Comparison of elastography methods
----------------------------------

Several elasticity imaging techniques have recently been developed for assessing the mechanical properties of liver tissues and staging the fibrosis level using different imaging modalities. In accordance with the Guidelines for the Basic Principles and Technology of EFSUMB\[[@B12]\], the available US-based elastography techniques include strain elastography (SE) and SWE; SWE can be further subdivided into three techniques - TE, pSWE and 2D-SWE - in addition to radiology-based magnetic resonance elastography (MRE).

Among these, TE is the most widely used elastography method. However, in a study of 13369 CLD patients over a 5-year period of using TE, unreliable results were obtained in 15.8% of cases\[[@B13]\]. The limitations of TE, such as the difficulty in measuring obese patients and patients with narrow intercostal spaces, the variations in operator experience, and the fact that it is not applicable in patients with ascites, were the primary factors contributing to these unreliable results. Importantly, the issue of obesity has been partially addressed by the introduction of specially designed XL probes that measure LS deeper than the standard M probes. It has also been reported that TE and ARFI elastography are inaccurate in the detection of early and intermediate fibrosis\[[@B14],[@B15]\].

MRE can be used to quantitatively diagnose liver fibrosis with high accuracy and is mainly used for the diagnosis of advanced liver fibrosis and cirrhosis. The diagnostic accuracy of MRE increased when the liver fibrosis was getting serious, whereas the level of early fibrosis detected by MRE is inaccurate\[[@B16],[@B17]\]. 2D-SWE is the latest elastography technology and can assess the elasticity of liver tissue easily and quickly, thus reflecting the degree of liver fibrosis. Table [1](#T1){ref-type="table"} demonstrates the comparison of currently available noninvasive methods in patients with CLD.

###### 

Comparison of currently available noninvasive methods in patients with chronic liver disease

  **Content**           **Methods**                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           
  --------------------- --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Technical principle   TE was the first commercially available elastography method developed for measuring liver stiffness using a dedicated device that includes an amplitude modulation (A) mode image for organ localization                                                                                                                    pSWE can be implemented on a common ultrasound diagnostic system. It uses a regular ultrasonic probe to emit a single impulse of acoustic radiation force and generates a shear wave to detect the shear wave propagation velocity                     2D-SWE is the combination of a radiation force applied to the tissues by focused ultrasonic beams and a very high frame rate US imaging sequence, which is able to capture the propagation of resulting the shear waves in real time                                                                                                                                                                               MRE enables the measurement of liver stiffness with an MRI-compatible generator; mechanical shear waves are delivered to the tissue and displayed as elastograms using phase-contrast image sequences
  Reference point       ▪Young's modulus (kPa)                                                                                                                                                                                                                                                                                                      ▪Shear wave speed (m/s) ▪Young's modulus (kPa)                                                                                                                                                                                                         ▪Shear wave speed (m/s) ▪Young's modulus (kPa)                                                                                                                                                                                                                                                                                                                                                                     ▪Shear wave speed (m/s) ▪Young's modulus (kPa)
  Selected example      ▪FibroScan (Echosens, France)                                                                                                                                                                                                                                                                                               ▪VTQ using ARFI imaging (Siemens Healthcare, Germany) ▪ElastPQ (Philips Healthcare, Netherlands) ▪Shear Wave Measurement (Hitachi Aloka Medical, Japan)                                                                                                ▪SWE (SuperSonic Imagine, France) ▪Virtual Touch IQ (Siemens Healthcare, Germany) ▪Logiq E9 (GE Healthcare, United Kingdom) ▪Aplio 500 (Toshiba Medical Systems, United Kingdom)                                                                                                                                                                                                                                   ▪MR Touch (GE Healthcare, United Kingdom) ▪MRE (Philips Healthcare, Netherlands; Siemens Healthcare, Germany)
  Advantages            ▪Most widely used and validated technique ▪Quality criteria well defined ▪ User friendly, rapid, easy to measure at the bedside ▪Good reproducibility ▪Good performance for noninvasive assessments of liver fibrosis staging ▪Excellent diagnostic accuracy for excluding liver cirrhosis ▪Prognostic value in cirrhosis   ▪Can be performed using a regular US machine ▪ The ROI can be positioned under B-mode visualization ▪Higher applicability than TE (not limited by ascites or obesity) ▪pSWE is equal to the performance of TE for significant fibrosis and cirrhosis   ▪Can be performed using a regular US machine ▪ Simple and fast to use ▪ The ROI can be positioned under B-mode visualization ▪ A larger ROI than that of TE and pSWE ▪Good applicability (not limited by ascites or obesity) ▪Good stability and reproducibility ▪Generates a real-time quantitative map of liver tissue stiffness ▪Can avoid large vessels and the gallbladder ▪ High performance for cirrhosis   ▪Can be performed using a regular MRI machine ▪ Good stability and reproducibility ▪Scans the whole liver ▪Higher applicability than TE (not limited by ascites or obesity) ▪Excellent diagnostic accuracy for noninvasive staging of liver fibrosis and cirrhosis
  Disadvantages         ▪Requires a special device and probe ▪ ROI size is rather small and cannot be chosen ▪Lack of applicability (limited by ascites, severe obesity) ▪No B-mode orientation ▪ Cannot avoid large vessels or the gallbladder ▪Unable to distinguish between intermediate stages of liver fibrosis                                ▪ROI size is smaller than that of TE and cannot be modified ▪Quality criteria not yet well defined ▪Narrow range of values ▪Unable to distinguish between intermediate stages of liver fibrosis                                                        ▪Quality criteria not well defined ▪ No further prospective studies published ▪ Many factors cause failed measurements in clinical practice ▪Unable to distinguish between intermediate stages of liver fibrosis                                                                                                                                                                                                   ▪Time-consuming ▪Even more costly than SWE and TE ▪ Failure can occur due to claustrophobia and iron overload ▪Affected by respiratory movement ▪ Hepatic MRE signal may be so low that waves cannot be adequately visualized with a gradient-echo based MRE sequence

2D-SWE: Two-dimensional shear wave elastography; MRE: Magnetic resonance elastography; MRI: Magnetic resonance imaging; pSWE: Point shear wave elastography; ROI: Region of interest; TE: Transient elastography; US: Ultrasound; VTQ: Virtual touch tissue quantification.

Principles of 2D-SWE
--------------------

2D-SWE is a novel noninvasive method that has been proposed for assessing LS by measuring the velocity of elastic shear waves in the liver parenchyma\[[@B18]\]. In SWE, shear waves are created by US-generated pulses of an acoustic radiation force (Figure [1](#F1){ref-type="fig"}). The velocity of the shear wave is then estimated by a Doppler-like effect over a region of interest (ROI) and is related to the stiffness or elasticity of the medium\[[@B19]\]. This shear wave velocity can be used to calculate the tissue stiffness by the formula E = ρc^2^, where E is tissue elasticity (Young's modulus, kPa), ρ is tissue density (kg/m^3^), and c is shear wave velocity (m/s)\[[@B20],[@B21]\].

![The principle of two-dimensional shear wave elastography. 2D-SWE is created by ultrasound-generated pulses from an acoustic radiation force that produce plane shear waves, and the propagation of the resulting shear waves can be captured in real time. 2D-SWE: Two-dimensional shear wave elastography.](WJG-24-957-g001){#F1}

Elasticity is shown on a color-coded image displayed on a B-mode image. Then, with the ROI on the elasticity image, the mean, maximal and minimal LS values within the ROI can be visualized on a screen, along with the standard deviation (SD) of the measured elasticity\[[@B19],[@B22]\]. The size and position of the ROI can be modified by the operator based on the specific goals of each liver assessment (Figure [2](#F2){ref-type="fig"}). In general, red areas indicate larger Young's modulus of stiffer tissues, while blue areas indicate smaller Young's modulus of softer tissues.

![Example of two-dimensional shear wave elastography of the liver implemented using the Aixplorer US system (SuperSonic Imaging, France), which can be displayed simultaneously with the B-mode image. A 2D-SWE image from a 42-year-old male who had normal liver function with liver biopsy-proven fibrosis at METAVIR stage F0. The rectangular box is the area of view where the shear wave measurements were made and color-coded. The round circle is the ROI where the measurements were obtained. The system provides the mean, Max, Min, SD and Diam of the stiffness measurements within the ROI. For this case, the following measurements were made: Young's modulus: Mean = 4.8 kPa, Min = 3.3 kPa, Max = 5.8 kPa, SD = 0.4 kPa; shear wave velocity: Mean = 1.3 m/s, Min = 1.1 m/s, Max = 5.8 m/s, SD = 0.1 m/s, Depth = 3.6 cm, and Diam = 15.0 mm. 2D-SWE: Two-dimensional shear wave elastography; Diam: Diameter; Max: Maximum; Min: Minimum; ROI: Region of interest; SD: Standard deviation; US: Ultrasound.](WJG-24-957-g002){#F2}

Examination technique
---------------------

2D-SWE examination of the liver is performed by using convex US probes with integrated technological solutions allowing elasticity imaging and measurements, according to the World Federation for Ultrasound in Medicine and Biology\[[@B22],[@B23]\] and the EFSUMB Guidelines for the Clinical Use of US Elastography\[[@B10],[@B12]\], as well as the Society of Radiologists in Ultrasound Consensus Conference Statement regarding the assessment of liver fibrosis by elastography\[[@B24]\]. The proper examination procedure is described in Table [2](#T2){ref-type="table"}, and the precautions and techniques of 2D-SWE in Table [3](#T3){ref-type="table"}.

###### 

Procedures of two-dimensional shear wave elastography

  **Key points**         **Procedures**
  ---------------------- -------------------------------------------------------------------------------------------------------------------------------------------------------
  Adequate preparation   ▪ Fast and rest before the exam ▪ Perform in a supine position ▪ Train the patients on breathing
  Accurate positioning   ▪ Scan the 6/7/8 intercostal spaces of the right liver ▪ Acquire stable and high-quality images ▪ Instruct the patient to hold the breath for 3-5 s
  Stable measurement     ▪ Switch to SWE mode ▪ Freeze the image and adjust the position of the ROI ▪ Calculate the LS automatically ▪ Average the repeated measurement values

LS: Liver stiffness; ROI: Region of interest; SWE: Shear wave elastography.

###### 

Precautions and techniques of two-dimensional shear wave elastography

  **Key points**        **Precautions and techniques**
  --------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Fasting and resting   ▪ Patients should fast for a minimum of 2 h and rest for a minimum of 10 min before undergoing liver stiffness measurement with SWE
  Position              ▪ Measurement of liver stiffness by 2D-SWE should be performed in a supine position with the right arm maximally extended; this position ensures the best possible access for assessing the right liver lobe ▪ The transducer is placed in a right intercostal space to visualize the right liver lobe in B mode
  Breathing train       ▪ Instruct the patient not to breathe in or breathe out deeply in order to eliminate unreliable measurements induced by breathing movements ▪ It has been suggested that a breath hold for a few seconds during quiet breathing may lead to the best results
  Clear 2D-US images    ▪ Adequate B-mode liver image is a prerequisite for 2D-SWE measurements ▪ Must avoid the ribs, gas and other factors of routine ultrasound ▪ The appropriate pressure can be applied with the ultrasound probe to broaden the intercostal space and, thus, acquiring clear images. Contrary to the ordinary suggestion, this does not increase the liver's stiffness, as the intervening tissues prevent distortion of the liver surface
  Scale                 ▪ Generally, the Young's modulus scale should not be less than 30 kPa and preferably not higher than 150 kPa
  Depth                 ▪ Liver stiffness measured by 2D-SWE should be performed at least 10 mm under the liver capsule ▪ Measurements should not be performed too deep or too close, in order to avoid reverberation artifacts, insufficient penetration and acoustic shadow, as these factors will lead to incorrect results
  Sampling frame        ▪ The sampling frame should be placed in a well-visualized area of the right liver lobe, free of large vessels, the gallbladder, the liver capsule, and any other hollow organs ▪ In addition, the sampling frame should be placed in the center of the image
  ROI                   ▪ For valid measurement quality of 2D-SWE, the ROI should be placed at a minimum of 1-2 cm and a maximum of 6 cm beneath the liver capsule ▪ The SWE acquisition is continued for 4-5 s once a stable SWE image is obtained ▪ The operator freezes the image, and the ROI should be placed in the most homogeneously colored area of the SWE ROI
  Penetration mode      ▪ When measuring patients with thick subcutaneous fat, fatty liver or advanced cirrhosis, SWE can be adjusted to "Pen" mode to improve the measurement success rate ▪ In 2D-SWE, if the signal is weak or unstable, the penetration mode can be activated

2D-SWE: Two-dimensional shear wave elastography; 2D-US: Two-dimensional ultrasound; Pen: Penetration; ROI: Region of interest; SWE: Shear wave elastography.

Normal value
------------

"Normal" LS values have recently been studied in healthy subjects who have undergone a professional check-up and who have no overt causes of liver disease, with normal liver enzymes. Various results for normal LS values are shown in Table [4](#T4){ref-type="table"}.

###### 

Summary of the literature for two-dimensional shear wave elastography normal values

  **Ref**.                         **Year**   **Country**   **Number**   **Mean age**   **Sex, female/male**   **Mean SWE, standard deviation, range**   **Remarks**
  -------------------------------- ---------- ------------- ------------ -------------- ---------------------- ----------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------
  Muller et al\[[@B19]\]           2009       France        15           NA             NA                     2.6-6.2 kPa                               No data available regarding age or sex of normal subjects
  Ferraioli et al\[[@B79]\]        2012       Italy         42           34.8           13/29                  4.92-5.39 kPa                             
  Sirli et al\[[@B82]\]            2013       Romania       82           26             56/26                  6.0 ± 1.4 kPa                             Female: 5.7 ± 1.3 kPa
  Male: 6.6 ± 1.5 kPa                                                                                                                                    
  BMI ≥ 25 kg/m²: 6.5 ± 1.5 kPa                                                                                                                          
  BMI \< 25 kg/m²: 5.8 ± 1.3 kPa                                                                                                                         
  Hudson et al\[[@B83]\]           2013       Canada        15           27             5/10                   5.55 ± 0.74 kPa                           
  Wang et al\[[@B84]\]             2014       China         30           36.1 ± 14.7    14/16                  4.29 kPa                                  
  Suh et al\[[@B73]\]              2014       South Korea   196          29.2 ± 9.2     66/130                 2.6-6.2 kPa                               
  Huang et al\[[@B85]\]            2014       China         502          37.9           310/192                5.10 ± 1.02 kPa                           Female: 5.45 ± 1.02 kPa
  Male: 4.89 ± 0.96 kPa                                                                                                                                  
  Yoon et al\[[@B86]\]             2014       South Korea   122          NA             NA                     5.12 ± 1.46 kPa (session I)               No data available regarding age or sex of normal subjects
  4.95 ± 1.40 kPa (session II)                                                                                                                           
  Leung et al\[[@B33]\]            2013       China         171          40.6 ± 10.8    103/68                 5.5 ± 0.7 kPa                             Female: 5.7 ± 0.5 kPa
  Male: 5.4 ± 0.7 kPa                                                                                                                                    
  Franchi-Abella et al\[[@B87]\]   2016       France        51           0-15           26/25                  6.53 ± 1.38 kPa                           No significant differences were observed between male and female patients, right and left lobes, or different breathing conditions

NA: Not available.

CLINICAL APPLICATIONS OF 2D-SWE
===============================

Diagnosis of chronic viral hepatitis
------------------------------------

Viral hepatitis is a global public health issue, with approximately 248 million and 185 million people worldwide suffering from chronic hepatitis B (CHB) and hepatitis C (CHC), respectively\[[@B25]-[@B27]\]. Patients with advanced liver fibrosis from chronic viral hepatitis have a high risk of developing liver cancer and related complications, including portal hypertension (PH), esophageal and gastric variceal bleeding (EGVB), and liver failure. In these cases, prognosis and treatment are mainly affected by the degree of fibrosis, and the primary aim of treatment is controlling the progression of liver fibrosis\[[@B28],[@B29]\]. The clinical practice guidelines for the management of CHB and CHC of the European Association for the Study of the Liver (EASL)\[[@B30],[@B31]\], as well as the World Health Organization Guidelines for the Prevention, Care and Treatment of Persons with Chronic Hepatitis B Infection\[[@B32]\], recommend elastography as a routine method for clinically evaluating liver fibrosis to avoid the need for liver biopsy in some patients.

Recent studies performed worldwide have focused on 2D-SWE for determining the role of viral hepatitis in liver fibrosis. In one study, 454 CHB patients were examined by 2D-SWE and TE\[[@B33]\]. The results showed that 2D-SWE provided a more accurate correlation of liver elasticity with liver fibrosis stage than TE, especially for the identification of significant fibrosis (≥ F2). Bavu et al\[[@B18]\] examined 113 CHC patients and found that SWE performed better diagnostically for early, intermediate and advanced predicted levels of fibrosis than TE. Ferraioli et al\[[@B20]\] used biopsy as a reference to assess the accuracy of SWE and TE in 121 CHC patients; they found that real-time SWE was more accurate than TE for assessing significant fibrosis (≥ F2). These results were strongly supported by three meta-analyses published by other authors\[[@B34]-[@B36]\]. In addition, a recent large-sample meta-analysis concluded that SWE was more accurate for advanced fibrosis (≥ F3) and cirrhosis (F4)\[[@B37]\]. What's more, Grgurevic et al\[[@B38]\] evaluated the performance of real-time 2D-SWE for quantitatively assessing liver and spleen stiffness in patients with chronic viral hepatitis. They showed that real-time 2D-SWE can accurately identify various degrees of liver fibrosis and cirrhosis and demonstrated that liver and spleen stiffness continue to increase even after cirrhosis has developed. In fact, they noticed that spleen and liver stiffness tended to converge in more advanced stages of liver cirrhosis. This is an important study showing that 2D-SWE can be used to study the evolution of liver disease beyond cirrhosis.

As described above, SWE has high accuracy and specificity for assessing liver fibrosis due to chronic viral hepatitis, which makes it convenient for the real-time clinical monitoring of liver fibrosis. SWE technology is expected to replace biopsy, thereby eliminating the invasiveness and poor reproducibility of the latter technique. However, the quality criteria for the staging of liver fibrosis are not yet well defined. In addition, 2D-SWE has shown different diagnostic accuracies for liver fibrosis in patients with CHB and CHC. We suppose that this is probably due to the different etiologies of hepatitis B virus (HBV) and hepatitis C virus that lead to different tissue patterns and distributions of fibrosis development. Specifically, cirrhosis patients with HBV tend to produce larger regenerative nodules, which may result in different LS measurements if the ROI is placed in such an area. These findings suggest that assessments of the degree of liver fibrosis in different liver diseases cannot be based on the same diagnostic criteria, leading to the issue of how to establish diagnostic criteria for patients with multiple CLDs, *e.g*., HBV patients with nonalcoholic fatty liver disease (NAFLD).

In the future, diagnosis and treatment in such situations will require personalization. The lack of specific criteria may also be due to the paucity of studies, small sample sizes, and diverse research areas; future developments will require more evidence-based medical data from large-scale, multicenter studies. Table [5](#T5){ref-type="table"} includes the cut-off values of LS assessed by 2D-SWE in various studies. Figure [3](#F3){ref-type="fig"} shows 2D-SWE of liver fibrosis at METAVIR stages F1 through F4. Note that the LS gradually increases, and the color of the sampling frame gradually changes in the initial stages and incrementally increases in the later stages of fibrosis.

![Two-dimensional shear wave elastography (Aixplorer US system, SuperSonic Imaging, France) of the liver in chronic hepatitis B patients with liver biopsy-proven fibrosis at METAVIR stages F1 through F4. A: F1 stage, mean Young's modulus = 5.1 kPa, mean shear wave velocity = 1.3 m/s; B: F2 stage, mean Young's modulus = 7.4 kPa, mean shear wave velocity = 1.4 m/s; C: F3 stage, mean Young's modulus = 8.7 kPa, mean shear wave velocity = 1.7 m/s; D: F4 stage, mean Young's modulus = 11.4 kPa, mean shear wave velocity = 1.9 m/s. Note the liver stiffness gradually increases, and the color of the sampling frame gradually changes in the initial stages and incrementally increases in the later stages of fibrosis. 2D-SWE: Two-dimensional shear wave elastography; US: Ultrasound.](WJG-24-957-g003){#F3}

###### 

Cut-off values of liver stiffness assessed with two-dimensional shear wave elastography in various studies

  **Ref**.                     **Etiologies**   **Year**   **Country**   **Patients, *n***   **≥ F1 (fibrosis)**   **≥ F2 (significant fibrosis)**   **≥ F3 (severe fibrosis)**   **F4 (cirrhosis)**                      
  ---------------------------- ---------------- ---------- ------------- ------------------- --------------------- --------------------------------- ---------------------------- -------------------- ------ ---- ------ ----
  Leung et al\[[@B33]\]        HBV              2013       China         454                 6.5                   86                                7.1                          88                   7.9    93   10.1   98
  Herrmann et al\[[@B37]\]     HBV              2017       Germany       206                 NA                    NA                                7.1                          91                   8.1    91   11.5   96
  Zeng et al\[[@B29]\]         HBV              2014       China         303                 NA                    NA                                7.2                          92                   9.7    95   11.7   95
  Bavu et al\[[@B18]\]         HCV              2011       France        113                 NA                    NA                                9.1                          95                   10.1   96   13.3   97
  Ferraioli et al\[[@B20]\]    HCV              2012       Italy         121                 NA                    NA                                7.1                          92                   8.7    98   10.4   98
  Grgurevic et al\[[@B38]\]    CVH              2015       Croatia       123                 NA                    NA                                8.1                          99                   NA     NA   10.8   95
  Cassinotto et al\[[@B46]\]   NAFLD            2014       France        108                 NA                    NA                                6.3                          86                   8.3    89   10.5   88
  Garcovich et al\[[@B47]\]    NAFLD            2016       Italy         78                  5.1                   92                                6.7                          96                   NA     NA   NA     NA
  Thiele et al\[[@B51]\]       ALD              2016       Denmark       199                 NA                    NA                                10.2                         94                   NA     NA   16.4   95

2D-SWE: Two-dimensional shear wave elastography; ALD: Alcoholic liver disease; AUROC: Area under the receiver operating characteristic curve; CVH: Chronic viral hepatitis; HBV: Hepatitis B virus; HCV: Hepatitis C virus; LS: Liver stiffness; NA: Not available; NAFLD: Nonalcoholic fatty liver disease.

Diagnosis of NAFLD
------------------

NAFLD is the most prevalent CLD, representing a spectrum ranging from simple fatty liver (SFL) to nonalcoholic steatohepatitis (NASH)\[[@B39],[@B40]\]. NAFLD has become a global health problem, with a prevalence comparable to the rates of metabolic syndrome, obesity, type 2 diabetes mellitus and dyslipidemia\[[@B41],[@B42]\]. The morbidity and mortality of patients with NAFLD are related to the development of NASH, which may progress to fibrosis and cirrhosis, even resulting in an increased risk of HCC\[[@B43]\]. A meta-analysis\[[@B44]\] demonstrated that even SFL may result in fibrosis development, and fibrosis development was observed in approximately 30% of patients with SFL, as well as in patients with NASH. Liver fibrosis, but no other histological features, has been demonstrated as the single most crucial histological feature associated with the risk of liver-related complications and death in patients with NAFLD\[[@B45]\]. Therefore, the most important issue for patients with NAFLD is recognizing and assessing the stage of liver fibrosis, which is possible by using US elastography.

Cassinotto et al\[[@B46]\] enrolled 291 patients with NAFLD and compared the performance of 2D-SWE, TE and Virtual Touch Quantification using liver biopsy as the reference method. They found that although obesity was related to an increased rate of failed LS measurements, these techniques, especially SWE, were valuable for diagnosing liver fibrosis in patients with NAFLD. The diagnostic performances of 2D-SWE for assessing liver fibrosis are as follows. For a sensitivity of at least 90% for diagnosing significant fibrosis (≥ F2), severe fibrosis (≥ F3) and cirrhosis (F4), the specificity is approximately 60%-70%; for a specificity of at least 90%, the sensitivity is approximately 50%-70%. 2D-SWE had areas under the receiver operating characteristic curves of 86%, 89% and 88% for the diagnosis of ≥ F2, ≥ F3 and F4, respectively. Furthermore, LS was mainly related to the fibrosis stage, and steatosis, inflammation and hepatocyte ballooning did not have significant influences on LS. Some NASH patients may have no fibrosis, and SWE may not be useful for the diagnosis of early-stage NASH without fibrosis. Hence, the next question became whether SWE can differentiate NASH from SFL, especially in the early stages of fibrosis. Probably not, and this is an area that relies on biochemical methods. Solutions to these problems will require multifaceted, prospective clinical studies to establish cut-off values for fibrosis staging.

In a study using SWE to identify the diagnostic accuracy of different degrees of fibrosis in 78 pediatric patients with biopsy-proven NASH\[[@B47]\], SWE was shown to be able to accurately evaluate significant liver fibrosis and, less efficiently, mild liver fibrosis in pediatric NAFLD patients. The study suggested that SWE can be used to assess liver fibrosis not only in adults but also in children and adolescents. However, few studies have focused on children; although fibrosis can be detected in children, the stage of fibrosis cannot yet be fully resolved, especially for fibrosis due to fatty liver. Consequently, the technique should be extended to all ages to further demonstrate the stability and reliability of the results.

Diagnosis of alcoholic liver disease
------------------------------------

Alcoholic liver disease (ALD) is the most common liver disease in the Western world. Chronic and excessive alcohol consumption is responsible for the progression of alcoholic steatosis, hepatitis, fibrosis and cirrhosis. Complete therapy requires abstention from alcohol. Moreover, liver transplantation (LT) remains a life-saving treatment for patients with advanced ALD\[[@B48],[@B49]\]. The EASL published clinical practice guidelines for the management of ALD in 2012\[[@B50]\]. The guidelines noted that elastography is a notable method for the early diagnosis of alcoholic cirrhosis.

A recent prospective study of 199 alcohol-overusing individuals with varying degrees of alcoholic liver fibrosis evaluated two elastography methods for the diagnosis of alcoholic fibrosis and cirrhosis, using liver biopsy as a reference\[[@B51]\]. The study found that 2D-SWE has a high accuracy (area under the curve ≥ 0.92) for identifying subjects with significant fibrosis and cirrhosis, and the 2D-SWE cut-off values for optimal identification of significant fibrosis and cirrhosis were 10.2 kPa and 16.4 kPa. 2D-SWE was an extremely useful tool for diagnosing alcoholic fibrosis and, furthermore, was more appropriate for diagnosing early cirrhosis than for distinguishing between early and advanced cirrhosis. However, the threshold values that will allow the accurate diagnosis of cirrhosis by SWE and obviate the need for liver biopsy in adults with ALD remain to be determined.

Patients with advanced ALD ultimately experience life-threatening complications, such as PH and ascites. These may lead to EGVB, which is among the most important causes of high mortality in patients with cirrhosis\[[@B52]\]. Therefore, assessing the severity of PH during follow-up is essential in patients with cirrhosis. The hepatic venous pressure gradient (HVPG) has been used to assess PH, but it is rarely used in clinical practice because of its invasiveness. A recent study found that LS measured by SWE is an independent predictor of the presence of HCC and esophageal and gastric varices in patients with CLD\[[@B53]\]. Another study demonstrated that SWE, as a promising tool to diagnose PH, has outstanding diagnostic accuracy, with a specificity and sensitivity ranging around 80%, and showed it to be superior to TE\[[@B54]\]; however, more than 30% of the clinically significant PH patients could not be conclusively diagnosed or ruled disease-free because their SWE values were between the cut-offs. Several recent studies have reported that LS measured by SWE in connection with HVPG is important for predicting clinically significant PH in patients with cirrhosis\[[@B55],[@B56]\]. Thus, although 2D-SWE has exceptional clinical value for assessing HCC patients with PH and EGVB, it still cannot replace digestive endoscopy\[[@B52]\].

Assessment of end-stage liver disease after LT
----------------------------------------------

LT is the only therapy for many patients who eventually progress to end-stage liver disease. However, LT is associated with a high rate of complications, which are difficult to identify in the early stages. One study reported a right lobe liver transplant recipient who experienced anastomotic stenosis of the right hepatic vein. SWE was quantitatively used to evaluate stiffness. The results suggested that SWE may be a noninvasive tool for assessing alterations in LS secondary to hepatic venous congestion after LT\[[@B57]\]. Another study showed that SWE may be useful during follow-up after LT. Liver rejection or hepatitis can be predicted at \> 4 wk based on liver grafts that are stiffer than normal\[[@B58]\]. In a more recent study, SWE was successfully utilized to monitor the therapeutic effects of direct-acting antivirals in hepatitis C recurrence after LT; the median LS values decreased dramatically after treatment (*P* \< 0.001). The study suggested that SWE is a valid diagnostic tool to follow-up hepatitis C patients undergoing LT\[[@B59]\].

From this study, we observed that SWE aids in the clinical diagnosis and detection of complications after LT, which represents great progress in SWE technology from diagnosis to monitoring. However, few studies have examined elastography in LT. This study represents the first step, although there is great potential for future research opportunities. Moreover, US elastography should be applied more for monitoring and predicting the complications of LT, particularly for assessing disease progression and prognosis.

Assessment of focal liver lesions
---------------------------------

Focal liver lesions (FLLs) represent novel lesions for the field of US elastography and include those found in hemangioma, HCC, focal nodular hyperplasia (FNH), metastatic cancer and adenoma. Several studies have reported that 2D-SWE is a useful method for distinguishing FLLs, although it does not completely distinguish benign from malignant lesions\[[@B60]-[@B64]\]. The stiffness of lesions in liver malignancies is significantly higher than that of the liver parenchyma and is also higher than that of benign lesions\[[@B60],[@B61]\] (Figure [4](#F4){ref-type="fig"} shows HCC images of 2D-SWE). In malignant tumors, the hardness values of metastases were significantly higher than those found in HCC and cholangiocarcinoma\[[@B62]\]. In benign lesions, 2D-SWE has been regarded as a practical tool for distinguishing FNH from adenoma\[[@B63]\].

![Two-dimensional shear wave elastography (Aixplorer US system, SuperSonic Imaging, France) images of a 69-year-old male with hepatocellular carcinoma based on the cirrhosis caused by hepatitis B virus. A: The mean Young's modulus is 161.8 kPa and the mean shear wave velocity is 7.3 m/s, which is obviously higher than the benign lesion; B: The area of the tumor is 13.03 cm^2^. 2D-SWE: Two-dimensional shear wave elastography; HBV: Hepatitis B virus; HCC: Hepatocellular carcinoma; US: Ultrasound.](WJG-24-957-g004){#F4}

A recent study demonstrated the correct differentiation between benign and malignant FLLs by using real-time 2D-SWE in 96.1% of patients (area under the curve = 0.98)\[[@B64]\]. They used three elastography parameters, the mean stiffness of the FLL, the ratio between the minimal and maximum lesion stiffness, and the ratio between the stiffness of the FLL and the surrounding liver parenchyma to construct a new Liver Elastography Malignancy Prediction score based on a regression analysis. A simpler approach considering only mean lesion stiffness in a dichotomized fashion could be used to diagnose or rule-out malignancy with cut-off values of 14 kPa and 32.5 kPa, respectively.

Nonetheless, conclusions based on the current literature remain unclear. When 2D US and Doppler US suggest that a lesion is a benign tumor but elastography suggests malignancy, the lesion cannot therefore be diagnosed as malignant. Several technical limitations still exist. In situations in which the lesion is smaller than the ROI or located deep or near the heart, the shear wave propagation and imaging stability will be affected. Furthermore, lesion areas with necrotic liquefaction or calcification are not representative of the true lesion stiffness, which often leads to misdiagnosis.

Assessment of autoimmune liver disease
--------------------------------------

Autoimmune liver disease (AILDs) are intricate disorders resulting from the effects of multiple genes in association with environmental factors. The three major AILDs are primary biliary cirrhosis, primary sclerosing cholangitis and autoimmune hepatitis\[[@B65]\]. As they progress, these diseases may ultimately lead to chronic liver damage, liver fibrosis and cirrhosis. Zeng et al\[[@B66]\] used liver biopsy as the reference standard for determining the diagnostic accuracy of 2D-SWE for noninvasively assessing liver fibrosis in patients with AILD. Their results indicated that the optimal cut-off values for significant fibrosis (≥ F2), severe fibrosis (≥ F3) and cirrhosis (F4) were 9.7 kPa, 13.2 kPa and 16.3 kPa, respectively. Moreover, the sensitivity and specificity ranged from 75% to 87% for all fibrosis stages. As these data show, SWE has high cut-off values in patients with AILD. The critical cut-off value was obviously higher than that for CHB/CHC. Therefore, different diseases have different thresholds, representing different developmental processes. AILD is relatively rare, and the current study was small; thus, further confirmation is necessary.

These results of LT, FLLs and AILD based on SWE cannot yet be clinically translated, as the research published to date is insufficient to definitively establish diagnostic criteria. However, elastography has shown promise for use in many research and development opportunities and future applications.

Future perspectives
-------------------

Although there is evidence that 2D-SWE could become a crucial tool in end-stage liver disease, additional research and development are necessary. Additional work should focus on the role of SWE not only in cross-sectional diagnosis but also in longitudinal studies considering disease progression, regression and clinical outcomes\[[@B67]\]. Priority should be given to multicenter, large-scale verification research. Indeed, the longitudinal monitoring of fibrosis in patients with CLD may be a highly practical application for SWE. Preliminary research has revealed a remarkable decrease in LS values in patients with chronic viral hepatitis after continued antiviral treatment\[[@B68],[@B69]\]. Given its high patient acceptance and good accessibility, SWE may also become a convenient tool for identifying patients with liver disease and a promising avenue for future research. However, several issues warrant further consideration.

The basic problem
-----------------

1\. Although alternative techniques, such as pSWE/ARFI or 2D-SWE, seem to overcome the limitations of TE, their quality criteria for the staging of liver fibrosis are not yet well defined.

a\. It remains unclear whether the shear wave Young's modulus or shear wave velocity is more representative.

b\. It remains unknown whether multiple measurements in one location are necessary when satisfactory measures of stiffness are obtained. Or, whether measurements in more than one location are needed.

c\. There is currently no agreement on objective quality criteria regarding what constitutes a valid measurement and what is an invalid measurement.

2\. It remains unknown whether a simple semi-quantitative fibrosis score can adequately reflect the complexity of the pathophysiological process.

The clinical questions
----------------------

1\. In the era of promotion of precision medicine, can 2D-SWE accurately guide clinical work to aid in the design of an antiviral therapy for hepatitis B patients?

2\. Can 2D-SWE be a reliable measurement of the prognosis of liver fibrosis?

3\. Does a greater Young's modulus indicate more serious disease progression? Does a reduced Young's modulus indicate disease remission or effective treatment?

4\. How do we diagnose the mixed types of liver disease?

5\. In adult patients with NAFLD, what SWE LS cut-off value allows us to accurately diagnose the presence of cirrhosis and eliminate the need for liver biopsy?

6\. In compensated cirrhosis of adult CLD, what 2D-SWE liver stiffness cut-off value allows us to avoid the need for gastroscopy?

7\. Focal lesions can lead to erroneous results. How should these be resolved?

Patient follow-up questions
---------------------------

1\. During follow-up monitoring, are there any definite cut-off values to weigh the progression, regression and outcome of liver disease?

2\. What is a minimal time span for measuring LS over time? How often should measurements be performed?

3\. How should elastography be used to predict the risk for HCC in patients with cirrhosis, regardless of etiology?

Here, we will address the first clinical issue. On the basis of the current study, we believe that SWE can guide clinical work to help develop a reasonable treatment strategy for patients with CLDs by measuring the degree of LS, which reflects the degree of liver fibrosis, and by monitoring the progress of the disease in real time. According to the EASL guidelines, it is of particular significance to identify patients with cirrhosis, as their treatment regimen and posttreatment surveillance must be adapted\[[@B27]\]. The latest report\[[@B70]\] from a European, 10-center, cohort study of 1951 adult Caucasian CHB patients found that HCC incidence distinctly dropped after the first 5 years of therapy, particularly in those with compensated cirrhosis. Furthermore, multivariable analysis showed that a LS ≥ 12 kPa at year 5 was related to greater HCC development after year 5, which likely represents valuable indirect markers of the severity of liver disease. Consequently, we believe that SWE can reflect liver fibrosis and guide therapy, thus decreasing the risk of HCC and remarkably improving the prognosis. This represents a major advancement in the treatment of CLD.

2D-SWE is known to be a multifactorial technique that factors in the anatomy of the liver, the physical characteristics and the underlying illness of the patient, the experience of the examiner, and differences in equipment. The following details include the factors associated with SWE reliability and ways to improve its performance in liver applications.

Anatomy of the liver
--------------------

The liver is located in the upper abdomen, near the heart, lungs and gastrointestinal tract, and is particularly affected by respiratory movements as well as the heartbeat and gas in the gastrointestinal tract\[[@B71]\]. Measurements of the left liver lobe yield markedly higher values and are more variable than the right lobe; thus, LSM in the left liver lobe should be avoided whenever possible\[[@B72]\]. During the examination, the patient needs to cooperate by holding their breath (neither in the expiratory phase nor in the aspirated phase) to stabilize the 2D image measurement because stable 2D imaging is the basis of successful results\[[@B24]\].

Physical characteristics and underlying illness of the patient
--------------------------------------------------------------

Previous studies have reported that SWE measurements are not affected by a high body mass index, ascites or fatty liver\[[@B20],[@B73]\], while in clinical practice, high measurement failure rates are due to obesity or ascites causing poor penetration\[[@B4]\]. Obese patients often have a fatty liver with a thick layer of subcutaneous fat and echo attenuation throughout the liver, which is not conducive to clear 2D imaging. In some very thin patients with a narrow intercostal space, especially patients who have entered the end-stage of liver cirrhosis, the right liver has been severely reduced to the extent that it affects elasticity measurements\[[@B33]\].

Using current methods, according to the patient's liver, the depth should be dropped, and the image should be appropriately enlarged while the areas of the sampling frame and ROI are adjusted to the shrinking liver. In addition, some factors influence the LS measured by elastography, leading to an overestimation of liver fibrosis\[[@B71],[@B74]-[@B78]\]. Such factors include excessive alcohol intake, elevated central venous pressure, cardiac failure, intra- or extrahepatic cholestasis, alanine aminotransferase flare in acute or chronic hepatitis, and histological necroinflammation activity.

Operator experience
-------------------

LS measurements by 2D-SWE should be made by an expert operator. It has been reported that experienced examiners have higher reproducibility of measurements than novice examiners\[[@B79],[@B80]\]. It is advised that at least 50 supervised 2D-SWE measurements should be performed by beginners in order to acquire reliable results\[[@B79]\]. This issue therefore necessitates strict prejob training for operators to reduce the error caused by lack of experience and to improve the stability of clinical implementations (Figure [5](#F5){ref-type="fig"} shows an analysis of failed measurements).

![Analysis of failed measurements. A: A 69-year-old female who had right heart failure and could not hold her breath, causing the failed liver stiffness measurement; B: An image acquired by an inexperienced operator who did not set the standard parameters.](WJG-24-957-g005){#F5}

Differences in manufacturer equipment
-------------------------------------

There may be significant variation in the frequency of acoustic radiation forces used across manufacturers, although variations can even be observed across different equipment from the same manufacturer or due to different settings applied using the same equipment. Large differences among the measurements provided by different settings create obstacles to the clinical application of SWE that need be addressed in the future\[[@B81]\]. In summary, these techniques need to be performed using a standardized protocol with critically interpreted results, taking confounding factors into account.

CONCLUSION
==========

In conclusion, 2D-SWE appears to be a valid, simple, rapid and reproducible method for the noninvasive assessment of liver fibrosis, with advantages including its low cost and widespread availability. As liver biopsies cannot be performed frequently, SWE can be used to regularly monitor liver fibrosis over the long term. SWE is a promising technology with potential clinical applications, including accurate quantification and therapeutic monitoring. We believe that with the popularity of US elastography, the noninvasive assessment of liver fibrosis will be further promoted. Most importantly, in the future, SWE may become a routine method of screening for patients with CLDs. Finally, large-scale, multicenter, multifield clinical studies are needed to explore the applications of SWE, as there may be variability in terms of demographics, disease and liver cancer incidence predictions. We are hopeful that SWE will continue to evolve and attain a utility equal to that of Doppler as a new mode of US imaging.
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